A temperature-sensitive DNA replication mutant of Staphylococcus aureus NCTC 83 25 has been isolated and characterized. After transfer to the non-permissive temperature (42 OC), DNA synthesis continued for 30 min and the mean DNA content increased by 56%. The amount of residual DNA synthesis was not reduced when the non-permissive temperature was raised, nor when chloramphenicol was added at the time of the temperature shift. During incubation at 42 "C, mutant bacteria accumulated the capacity to synthesize DNA after return to the permissive temperature (30 OC) in the presence of chloramphenicol. This capacity was lost when chloramphenicol was present at 42 OC. The properties of the mutant are consistent with a defect in the initiation of DNA replication at 42 "C.
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Incorporation of radioactively labelled precursors. Samples (0-5 ml) of bacterial cultures growing in the presence of radioactively labelled precursors were each added to 5 ml ice-cold 5 % (w/v) trichloroacetic acid (TCA). After 30-60 min at 0 OC, the samples were filtered through Whatman GF/B or GF/C glass fibre disc filters (2.1 cm diameter), washed four times with 5 ml ice-cold 5 % (w/v) TCA and then four times with 5 ml96% (v/v) ethanol. The filters were dried in U~C U O at 80 OC for 1 h and the radioactivity in each sample was measured in a liquid scintillation counter, after the addition of 2.5 ml 5 % (w/v) butyl-PBD (Fisons) in toluene. Radioactively labelled precursors (all supplied by Amersham) were used at the following specific activities: [6-3Hlthymidine, 2.5 pCi (93 kBq) ml-', 50 pg ml-I; L-phenyl [2,3-3Hlalanine, 2 pCi (75 kBq) ml-', 10 pg ml-I; [2-14Cluracil, 0.1 pCi (3.7 kBq) ml-'; [2-3Hlglycine, 1 pCi (37 kBq) ml-'; [2-3Hlglycerol, 1 pCi (37 kBq) ml-'. No unlabelled uracil, glycerol or glycine were added to CY medium. Two of the mutants (ts23 and ts34) had increased ratios at 42 OC, but since it was discovered that ts34 continued to incorporate [3Hlthymidine at 42 "C for at least 2 h (data not shown), this mutant was not studied further.
RESULTS

Isolation of temperature-sensitive mutants
Characterization of mutant ts23
When a culture of ts23 (prelabelled with [3H]thymidine for two generations at 30 OC) was transferred to 42 O C , incorporated radioactivity increased by 73 k 14% (mean of 12 determinations s.D.) during the next 30 min, and then stopped. This could be due to a direct effect of the temperature-sensitive mutation upon D N A replication or it could be a secondary effect of a defect in some other metabolic function. To distinguish between these possibilities, the biosynthesis of protein, cell wall, membrane, RNA and D N A by ts23 and the wild-type, at 30 and 42 O C , was investigated by measuring the rates of incorporation of radioactively labelled phenylalanine, glycine, glycerol, uracil and thymidine, respectively (Table 1) . The results show that the rates of protein, cell wall and membrane synthesis in ts23 do not differ significantly from the wild-type. Although the rates of both D N A and RNA synthesis are reduced in the mutant at 42 "C, the effect upon D N A is much greater.
Spontaneous temperature-stable revertants of ts23 were obtained at a frequency of 1.0 x lo-'. Thus the mutant phenotype probably results from a single point mutation, the primary effect of which is upon D N A synthesis.
The continuation of D N A synthesis by ts23 for 30 min after transfer to 42 "C is consistent with a defect either in the initiation of chromosome replication, or in some elongation complex which is inactivated slowly at 42 "C. synthesis at the non-permissive temperature should decrease the amount of residual replication in a mutant with a slowly inactivated temperature-sensitive elongation function, but should not in an initiation-defective mutant. When chloramphenicol was added to a culture of ts23 simultaneously with transfer from 30 to 42 "C, there was no reduction in the amount of thymidine incorporated at the non-permissive temperature (Fig. 1) . Furthermore, the amount of thymidine incorporated was indistinguishable from that observed when DNA replication mutant of S. aureus Wild-t ype ts23 1 3 000 13 000 2 600 2 600 3 600 3 600 16 800 8 000 9 400 0 chloramphenicol was added to a culture of wild-type bacteria simultaneously with a shift from 30 to 42 O C .
Recovery of mutant ts23 after a period at the non-permissive temperature Further information about the effect upon DNA synthesis of the mutation in ts23 was obtained by measuring thymidine incorporation by the mutant at 30 "C, after a period at 42 "C. A culture of ts23 was incubated for 1 h at 42 O C before a portion of it was returned to 30 OC. Thymidine incorporation resumed after about 15 min and proceeded rapidly during the next hour, before slowing to a rate equal to that observed normally for a culture of ts23 bacteria at 30 "C. A portion of the culture which was returned to 42 OC after 15 min at 30 O C doubled its thymidine content over the next hour before incorporation stopped, whereas return to 42 OC after 30 min at 30 O C was followed by a 2.5-fold increase at the non-permissive temperature.
When, after 1 h at 42 OC, ts23 was returned to 30 OC in the presence of chloramphenicol, incorporated thymidine increased by about 150% over a period of 90 rnin (Fig. 2) .
Thus, after incubation at 42 "C, ts23 has the capacity to replicate DNA at 30 O C without further protein synthesis. The accumulation of this capacity during incubation at 42 OC was DNA replication mutant of S. aureus 1739 investigated. A culture of ts23 (labelled with I3Hlthymidine) was transferred from 30 to 42 OC and samples were taken at 5 rnin intervals. Chloramphenicol was added to these and they were then incubated for 2 h at 30 "C, before incorporated radioactivity was measured (Fig. 3) . Duplicate samples were immediately TCA precipitated to monitor thymidine incorporation at 42 "C. A sample to which chloramphenicol was added, but which remained at 30 OC, increased its thymidine content by 70% over the next 2 h. Incubation at 42 OC for up to 90 min progressively increased the amount of incorporation after return to 30 "C.
It is possible that, at 42 OC, ts23 synthesizes a replication complex which only becomes active after return to 30 OC. If this is so, protein synthesis at 42 O C would be required for DNA synthesis after return to 30 OC. To test this, the recovery of thymidine incorporation at 30 OC was measured in ts23 after 1 h incubation at 42 OC, followed by up to 40 min in the presence of chloramphenicol at 42 OC (Fig. 4) . Not only did chloramphenicol prevent further accumulation at 42 OC of the capacity to synthesize DNA (in the absence of protein synthesis) after return to 30 OC, but the capacity which had accumulated during the first hour at 42 OC was also lost during incubation with chloramphenicol. A sample returned to 30 OC 40 rnin after the addition of chlorarnphenicol was unable to synthesize DNA.
D I S C U S S I O N
Mutant ts23 did not stop DNA synthesis immediately after transfer to the non-permissive temperature, so the defect is probably not in elongation. When a culture of ts23 was labelled with [3Hlthymidine for two generations at 30 OC and then transferred to 42 O C , incorporated thymidine increased by 73%. Since only 75% of chromosomal DNA would have been labelled at the time of the temperature shift, the increase in incorporated thymidine is an overestimate of the increase in DNA content by a factor of 100 i 75, or about 1.3. Thus the increase in DNA content at 42 OC was 73 % + 1.3, or 56 %.
Mutants defective in initiation continue DNA synthesis at the non-permissive temperature until all rounds of replication initiated at the permissive temperature have been completed. Sueoka & Yoshikawa (1965) calculated that, after transfer of an initiation-defective mutant (with an average of one replication fork per chromosome) to the non-permissive temperature, DNA synthesis will stop after an increase of 39 %. An increase of 56 % (as observed for ts23) would occur if 3 0 4 0 % of the chromosomes had two replication forks and the remainder had one. The replication time for the chromosome of S. aureus is unknown, but such a distribution of replication forks seems reasonable for bacteria which were growing in a rich medium with a mean generation time of 50 min.
An increase in the non-permissive temperature failed to reduce the amount of residual replication in ts23. This is consistent with a defect in initiation, as is the observation that residual replication was not reduced by the addition of chloramphenicol at the non-permissive temperature. Further evidence for an initiation defect was that shifting a culture of wild-type bacteria from 30 to 42 OC and simultaneously adding chloramphenicol produced the same effect as a temperature shift alone for ts23 (Fig. 1) .
Mutant ts23 resumed DNA synthesis when returned to 30 O C , even when protein synthesis was inhibited by chloramphenicol. The function that is inactivated at 42 OC must, therefore, regain activity spontaneously at 30 OC. When ts23 was incubated for 1 h at 42 "C and then transferred to 30 "C, DNA synthesis resumed after approximately 15 min. If a culture was returned to 42 O C after 15 rnin at 30 OC, DNA synthesis was not observed at 30 O C but was observed at 42 O C . This implies that the product of the mutant gene is either involved in a pre-initiation reaction which occurs about 15 rnin before polymerization begins or that it renatures only slowly at 30 OC and that insufficient is present in active form to promote initiation until 15 rnin after return to 30 O C . The latter possibility seems unlikely, however, as DNA synthesis still took place at 42 OC when ts23 was returned to 30 "C for only 5 rnin (unpublished observations). ( -) and with that predicted by the model (----) .
D . K . S U M M E R S
The longer that mutant ts23 was incubated at 42 "C, the more DNA replication occurred in the presence of chloramphenicol after return to 30 "C (Fig. 3) . This is consistent with the continued synthesis and accumulation of essential replication proteins at the non-permissive temperature. Further evidence for this is that the accumulation of replication capacity was blocked by chloramphenicol at 42 "C (Fig. 4) .
On the basis of results presented in this paper, a simple model describing the initiation of S.
aureus chromosome replication may be constructed. It is assumed that the mutant function in ts23 is a protein (protein X) which is essential for initiation. At 42 "C, protein X is inactive, initiation is blocked and inactive initiation complex (complex C) accumulates. After return to 30 OC, protein X regains activity and interacts with complex C to form complex C(X). During the 10-15 min before DNA synthesis resumes, C(X) is modified to a form C*(X) which initiates polymerization at the origin. These processes may be summarized thus:
1. Inactive X -, Active X 30 OC only 2. C + Active X -, C(X) 30 "C only 3.
C(X) -, C*(X) 30 "C or 42 "C 4.
Polymerization 30 "C or 42 "C Replication complexes accumulated at 42 O C initiate rounds of DNA synthesis at 30 "C (at a linear rate) which will be superimposed upon exponential DNA synthesis, which resumes 10-15 min after return to the permissive temperature. Figure 5 compares the observed rate of DNA synthesis by ts23 after return to 30 "C with the theoretical result of combining exponential and linear components. The exponential rate used for the prediction was that observed in cultures of ts23 bacteria growing at 30 OC. The linear component (solid line) was assumed to be equivalent to the synthesis observed when ts23 was returned to 30 O C in the presence of chloramphenicol. There is good agreement between the prediction and the experimental results.
It was observed that incubation of ts23 at 42 OC, in the presence of chloramphenicol, reduced the capacity for DNA synthesis after return to 30 "C. This would be consistent with the model if protein X (or some component of complex C) is labile, and the accumulation of complex during incubation of ts23 at 42 OC is due to the rate of synthesis exceeding the rate of decay. Chloramphenicol would prevent complex synthesis at 42 "C, and complex already accumulated would lose activity. University, U.K. MEASURES, J. C. (1973) . The relationships between the NOVICK, R. P. (1963) . Analysis by transduction of
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